The adipocytokine apelin is capable to reduce myocardial ischemia/reperfusion injury in rodents. Cardioprotective activity of apelin may be attributed to upregulation of endothelial nitric oxide synthase (eNOS). This study was designed to examine metabolic and functional effects of a synthesized 12 Cterminal residue of apelin (A-12) and N G -nitro-L-arginine methyl ester (L-NAME), a non-selective eNOS inhibitor, in isolated working rat hearts subjected to global ischemia. Preischemic infusion of A-12 increased recovery of cardiac function during reperfusion compared with control and resulted in enhanced restoration of myocardial ATP, adenine nucleotide pool, phosphocreatine and reduction of myocardial lactate and lactate/pyruvate ratio. Coadministration of A-12 and L-NAME aggravated recovery of coronary flow and cardiac function compared with these indices after A-12 treatment. Cardiac dysfunction was associated with increase in lactate dehydrogenase release in myocardial effluent, reduction of glucose oxidation and abolishment of augmented restoration of high energy phosphates. The results clearly demonstrate involvement of NOS-dependent mechanisms in cardioprotection afforded by apelin.
INTRODUCTION
The development of new approaches to protection of the myocardium against ischemia/reperfusion (I/R) injury is an actual objective of experimental cardiology. Reperfusion of an ischemic myocardium results in altered cardiac energy metabolism, which in turn may contribute to delayed functional recovery [1] . Generally interventions that improve the transition from anaerobic to aerobic myocardial metabolism (insulin, adenosine and certain amino acids) facilitate the recovery of oxidative phosphorylation and left ventricular function during postischemic reperfusion [2, 3] . It is known that the myocardium is the source of endogenous protective mechanisms that are stimulated in ischemia and reperfusion. The most important of these are adenosine production, opening of ATP-sensitive potassium channels, and release of nitric oxide (NO) [2, 4] .
In the last decade it was found that the adipokine apelin and its G protein-coupled receptor APJ are involved in signaling pathways implicated in numerous cardiac and vascular functions [5] . Apelin is produced as a 77 amino acid prepropeptide which is cleaved to shorter biologically active C-terminal fragments [6] . Positive inotropic and hypotensive effects of exogenous apelin-36, apelin-13 and its pyroglutamated form, [Pyr 1 ]apelin-13, in normal and failing myocardium are well documented in experimental and clinical studies [7] [8] [9] . Data on the apelin/APJ receptor system in myocardial I/R injury are scanty. [Pyr 1 ]apelin-13, apelin-13 and, to a lesser extent, apelin-36 are capable to reduce infarct size and to augment contractile function recovery in the heart of rodents after regional or global ischemia [10] [11] [12] . In cultured cardiomyocytes, apelin-13 suppressed apoptosis and delayed opening of the mitochondrial permeability transition pore (mPTP) [10, 12, 13] . The beneficial effects of apelin may be attributed to recruiting the PI3K-Akt, MEK1/2-ERK1/2 and JNK signaling cascades [11, [14] [15] [16] . Activation of the pro-survival cascades phosphorylates the pro-apoptotic proteins BAD and BAX, thereby preventing apoptosis [17] . Phosphorylation and activation of endothelial nitric oxide synthase (eNOS), a key target of apelin, lead to formation of NO which is involved in diverse mechanisms of cellular protection, including inhibition of the mPTP opening [18, 19] . However, the suggested role of eNOS in attenuating I/R injury by apelin is not so obvious. Thus, apelin-13 promoted eNOS expression in parallel with activation of Akt and ERK1/2 path-way in rat cardiomyocytes incubated under conditions of hypoxia and subsequent reoxygenation [11] . In contrast, upregulation of Akt and Erk1/2 kinase by apelin-13 was not combined with phosphorylation of eNOS or elevation of eNOS level in mouse hearts subjected to ischemia and reperfusion [9] . Infusion of apelin-13 reduced infarct size and improved contractile function recovery in ischemic isolated perfused rat heart, while administration of L-N G -nitroarginine (L-NNA), a nonselective NOS inhibitor, decreased the protection afforded by the peptide [20] . Therefore, it remains unclear whether the eNOSdependent mechanisms contribute to cardioprotective effects of apelin.
On the other hand, reduction of necrotic cardiomyocyte death and improvement of postischemic mechanical recovery in hearts protected by apelin [9] [10] [11] 20] suggested its influence on myocardial energy metabolism. This hypothesis was confirmed in our previous work with the 12 C-terminal residue of apelin (A-12) [21] . A-12 constitutes the core region essential for binding to APJ receptor and manifestation of bioactivity [22, 23] . Administration of A-12 augmented postischemic recovery of contractile and pump function of isolated rat heart and improved preservation of myocardial high energy phosphates. These effects were accompanied by a dose-dependent increase in recovery of coronary flow, thus indirectly indicating NO formation [21] .
The present study was undertaken to evaluate a role of NO as a mediator of the effects of A-12 on the overall protection consisting in an improvement of postischemic functional recovery, energy metabolism and membrane integrity. The peptide was given prior to ischemia to maximize its cardioprotective efficacy [21] . To block activity of all NOS isoforms, the non-selective NOS inhibitor N G -nitro-L-arginine methyl ester (L-NAME) was used.
MATERIALS AND METHODS

Animals
Wistar rats (male, weighing 290 -340 g) were used in this study. Rats were kept in an animal house under controlled temperature (25˚C) and light (08 -20 h) and had unrestricted access to food and water. Animal care and all experimental protocols were conformed to the Guide for Care and Use of Laboratory Animals published by the US National Institute of Health (NIH publication no. 85 -23; revised 1985).
Heart Perfusion
Rats were heparinized by intraperitoneal injection (500 U) and anaesthetized with urethane (1.3 g/kg body weight). Hearts were excised and immediately placed into ice- 25 .0; glucose 11.0 was oxygenated with a mixture of 95% O 2 and 5% CO 2 ; pH was 7.4 ± 0.1 at 37˚C; it was passed through a 5 µm Millipore filter (Bedford, MA, USA) before use. A needle was inserted into the left ventricular cavity to registered LV pressure via a Gould Statham P50 transducer, SP 1405 monitor and a Gould Brush SP 2010 recorder (Gould, Oxnard, Ca, USA). The contractile function intensity index was calculated as the LV developed pressure-heart rate product (LVDP × HR), where LVDP is the difference between LV systolic and LV end-diastolic pressure. Cardiac pump function was assessed by cardiac output, the sum of aortic output and coronary flow. Coronary resistance was calculated as aortic pressure/coronary flow ratio.
Experimental Protocols
The steady state values of cardiac function were recorded after preliminary 20 min of perfusion in working mode. Then, hearts were randomly assigned onto one of four groups:
1) Control (n = 12). The control hearts were perfused in Langendorff mode for 5 min at a constant flow rate of 4 ml/min and were subjected to 35 min of normothermic global ischemia followed by 5 min of Langendorff perfusion with subsequent 25 min of working reperfusion.
2) A-12(H-Arg-Pro-Arg-Leu-Ser-His-Lys-Gly-Pro-MetPro-Phe-OH) (n = 14). The hearts of this group were perfused for 5 min according to Langendorff at a constant flow rate of 4 ml/min with KHB containing 140 µM A-12 prior to global ischemia. Then they underwent the same procedures as the hearts of the control group. Previously we have shown that this concentration of A-12 is optimal for cardiac function recovery in this experimental protocol [21] .
3) L-NAME (n = 12). The hearts of this group were perfused according to Langendorff with KHB containing 100 µM L-NAME prior to global ischemia at a constant flow rate of 4 ml/min. Further procedures were the same as in the control group. The concentration of L-NAME used was sufficient to block NOS activity [24] .
4) A-12 + L-NAME (n = 14). The hearts were perfused with KHB containing 140 µM A-12 and 100 µM L-NAME in Langendorff mode before global ischemia at a constant flow rate of 4 ml/min. Then they underwent the same procedures as the hearts of the control group.
At the end of reperfusion, the hearts were freezeclamped in liquid nitrogen for metabolite analysis. In separate series, the hearts were freeze-clamped in liquid nitrogen after preliminary working perfusion (steady state) to determine the initial content of metabolites. The myocardial effluent was collected in ice-cold tubes during both periods of Langendorff perfusion for immediate assessment of lactate dehydrogenase (LDH) activity.
Analysis of Metabolites and LDH Activity
Frozen tissue was quickly homogenized in cooled 6% HClO 4 (10ml/g) using an Ultra-Turrax T-25 homogenizer (IKA-Labortechnik, Staufen, Germany), and the homogenates were centrifuged at 2800 × g for 10 min at 4˚C. The supernatants were then neutralized with 5 M K 2 CO 3 to pH 7.4, and the extracts were centrifuged after cooling to remove KClO 4 precipitate. Tissue dry weights were determined by weighing a portion of the pellets after extraction with perchloric acid and drying overnight at 110˚C. Concentrations of ATP, ADP, AMP, phosphocreatine (PCr), creatine (Cr) and lactate (Lac) in neutralized tissue extracts were determined specrtophotometrically by enzymatic methods [25] [26] [27] [28] . A modified UVspectroscopy method was used to assay tissue extracts for pyruvate (Pyr) [29] . LDH activity in the myocardial effluent was measured according to the method of Bergmeyer and Bernt [30] using pyruvate as substrate. Enzymes and chemicals were purchased from Sigma Chemical Co. (St Louis, MO USA). Solutions were prepared using deionized water (Milli Ro-4; Milli-Q, Millipore Corp. Bedford, MA, USA).
Statistical Analysis
All data are presented as means ± SEM. Results were analyzed by one-way ANOVA followed by StudentNewman-Keuls test for evaluation differences between more than two groups. Comparisons between two groups involved use of the student's t-test. A p < 0.05 was considered statistically significant.
RESULTS
Recovery of Cardiac Function
In the steady state, coronary flow was 18 ± 2 ml/min, coronary resistance was 3.6 ± 0.1 mm Hg/ml, LVDP was 99 ± 1 mm Hg, HR 303 ± 2 min -1 , the doubled product, LVDP × HR, was 31380 ± 560 mm Hg/min, aortic flow was 26 ± 3 ml/min, cardiac output was 44 ± 1 ml. Recovery of the main contractile and pump function indices at the end of reperfusion in the studied groups is summarized in Figure 1(a) . The control group showed substantially reduced coronary flow, the LVDP × HR product and cardiac output compared with the baseline values; in addition, coronary resistance increased to 121% ± 2% (p < 0.01). Preischemic infusion of L-NAME did not affect recovery of these indices compared with the control nontreated group. Treatment with A-12 prior to ischemia significantly improved recovery of coronary flow (to 91% ± 5%, p < 0.05) due to a reduction of coronary resistance almost to its baseline value (108% ± 6%, p < 0.02). This response of coronary arteries suggested an augmented NO formation under the action of the peptide. Simultaneously, recovery of the LVDP × HR product and cardiac output increased 1.8 and 2.9 times, respectively, when compared with the values of these parameters in the control group. In contrast, coadministration of A-12 and L-NAME significantly decreased postischemic recovery of cardiac function as compared with that in the hearts treated with A-12. In the A-12 + L-NAME group, restoration of the LVDP × HR product and cardiac output was on average 20% lower than those values in the A-12 group. However, these indices remained at significantly higher levels than in the control group. A clear trend to reduction of coronary flow in parallel with increase of coronary resistance was observed. Thus, coronary flow and coronary resistance were 84% ± 4% and 114% ± 4% of baseline values and did not differ significantly from the values in the control (74% ± 3% and 125% ± 4%, respectively). These data demonstrate profound attenu-treated controls. In the hearts of this group, AN was preserved far better than in the control being equal to 90% of the initial value. These alterations in the adenine nucleotide pool substantially increased the energy charge (   EC ATP 0.5ADP AN    ) of cardiomyocytes as compared with this index in the control. Coadministration of A-12 and L-NAME significantly reduced myocardial ATP content and lowered AN to a value close to that one in the control. The EC was markedly reduced in the A-12 + L-NAME group, although it remained higher than in the control group. ation of protective effects of A-12 when NOS activity is blocked by L-NAME.
Lactate Dehydrogenase Leakage
LDH leakage in myocardial effluent did not differ significantly between the control and the studied groups for Langendorff perfusion before ischemia and was on average 19.9 ± 6.6 IU/g dry wt/5 min. Therefore preischemic administration of A-12 or L-NAME did cause damage to the sarcolemma of nonischemic cardiomyocytes. Effects of these compounds on LDH leakage for 5-min period of Langendorff reperfusion after global ischemia are shown in Figure 1(b) . The control group exhibited a 2.5-fold increase in this index compared with baseline that indicated I/R membrane damage. A significant attenuation of LDH leakage on early reperfusion was observed after treatment with A-12. Coadministration of A-12 and L-NAME increased LDH activity in myocardial effluent up to the value in the control group.
Phosphocreatine and Creatine
In the control group, myocardial PCr content was 47.0% ± 6.7% of the preischemic value at the end of reperfusion ( Table 2) . Infusion of A-12 before ischemia significantly increased PCr preservation in the reperfused hearts compared with non-treated controls (to 70.3% ± 4.3% of the initial level, p < 0.01). Coadministration of A-12 and L-NAME returned PCr content to the value that did not differ significantly from that one in the control. Enhanced Cr content (on average by 30% compared with baseline) was found in the hearts of all groups at the end of reperfusion. After reperfusion, myocardial total creatine pool (Cr = PCr + Cr) did not differ significantly between all studied groups and the initial value.
Adenine Nucleotides
Changes in the myocardial contents of adenine nucleotides at the end of reperfusion in the studied groups are compared with baseline levels in Table 1 .
The control group exhibited a fall in ATP content to 34% of the preischemic value and concomitant rise of ADP and AMP levels. As a result the total adenine nucleotide pool (AN = ATP + ADP + AMP) was decreased by almost 40% of the initial value. After preischemic administration of A-12, myocardial ATP content was twice higher, ADP did not changed significantly and AMP level was 1.8 times lower as compared with non-
Lactate and Pyruvate
Effects of A-12 and L-NAME administration on Pyr and Lac contents in reperfused hearts are compared with their preischemic values in Table 3 . By the end of reperfusion, Lac content in the control group remained 3.8 times Table 1 . Effects of A-12 and L-NAME оn adenine nucleotide content (µmol/g dry wt) in rat heart at the end of reperfusion. Table 2 . Effects of A-12 and L-NAME оn phosphocreatine (PCr) and creatine (Cr) content (µmol/g dry wt) in rat heart at the end of reperfusion. higher than the baseline thus suggesting a suppressed aerobic utilization of glucose. Treatment with A-12 returned myocardial Lac practically to the initial value. Coadministration of A-12 and L-NAME resulted in a 2-fold rise in tissue Lac as compared with that in the A-12 group; although Lac accumulation in the hearts of the A-12 + L-NAME group remained significantly lower than in the control. Preischemic A-12 infusion did not affect myocardial Pyr when compared with this index in the control group. However infusion of A-12 with L-NAME resulted in a significant rise of Pyr level compared with the non-treated controls and the A-12 group. Accordingly, in the control group, myocardial Lac/Pyr ratio was 3.7 times higher baseline, reflecting a reduction of the cytosolic free NAD + /NADH ratio. This index was decreased to baseline after treatment with the A-12 but was significantly increased by 40% after coadministration of A-12 and L-NAME.
DISCUSSION
This is the first report that provides direct evidence that NOS inhibition reduces A-12 ability to protect the heart from I/R injury at metabolic and functional level. In the presence of L-NAME, A-12 influence on ATP, AN and PCr restoration in reperfused hearts was almost completely abrogated (Tables 1 and 2 ). This effect might be related to suppressed oxidation of glucose, the main energy substrate of isolated perfused hearts. An emerging role of apelin in stimulation of glucose utilization was demonstrated recently in normal and insulin-resistant mice [31] . It is notable that apelin effects on glucose uptake in cardiac and skeletal muscle are mediated in part by AMP-activated protein kinase and eNOS [32, 33] . Therefore, we may speculate that lowered Lac/Pyr ratio and increased Lac content in the A-12 + L-NAME group compared with these indices in the A-12 group (Table 3) reflect reduced aerobic glucose utilization due to NOS blockade that, in turn, corresponds to poor recovery of high energy phosphates.
The results also clearly demonstrate the relationship between amelioration of I/R injury by apelin and improvement of energy state of reperfused myocardium. Indeed, enhanced functional recovery of postischemic hearts protected by A-12 was combined with better restoration of myocardial oxidative metabolism. And vice versa, abolition of metabolic protection by L-NAME aggravated recovery of cardiac function and coronary flow. This means that a metabolic component is relevant for apelin-induced protection of ischemic heart. In addition, data on postischemic LDH leakage show an increase in sarcolemma damage after coadministration of A-12 and L-NAME (Figure 1(b) ). Taken together, these experimental facts testify to involvement of NOS-dependent mechanisms in cardioprotective effects of apelin.
NO has previously been implicated in endotheliumdependent vasorelaxation triggered by apelin [34, 35] . This effect is reduced in the presence of L-NAME, indicating that the peptide exerts vasodilation via activation of eNOS pathway [36] . Later it was shown that apelin may phosphorylate Akt kinase and raise intracellular calcium, both of which activate eNOS phosphorylation and promote NO release [5, 37, 38] . In connection with our work, it is important that apelin-induced increase in NO bioavailability was accompanied by reduction in reactive oxygen species (ROS) generation in studies employing models of diabetes and atherosclerosis [39, 40] . Since NO prevents mitochondrial oxygen damage and lipid peroxidation [18] , we can assume that attenuation of I/R injury by A-12 was related in part to the antioxidant properties of the peptide.
The results of Zeng et al. [12] , obtained in rat heart subjected to ischemia and reperfusion and in isolated cardiomyocytes after hypoxia and reoxygenation, suggest this possibility. These authors showed that apelin-13 decreased production of ROS and malonic dialdehyde (MDA) with a simultaneous increase in superoxide dismutase (SOD) activity in both types of experimental preparations. A similar effect of apelin-13 on MDA formation was previously described in rat aortas by Jia et al. [41] . The increased activity of SOD by apelin can remove a large portion of superoxide anion, thereby reducing I/R injury. However, upregulation of SOD by apelin leads to the production of H 2 O 2 which is also a toxic compound [42] . Apelin effect on the activity of catalase has not yet been elucidated in experimental ischemia and reperfusion yet; therefore benefits of promoted SOD activity remain unclear. In this respect, further study of apelin influence on the main components of endogenous antioxidant system, including SOD, catalase and glutathione peroxidase, deserves the closest attention.
CONCLUSION
We have previously demonstrated an important role of energy metabolism in postischemic functional recovery of isolated rat heart treated with A-12 [21] . The present study revealed the reduction of the metabolic and functional response of A-12 in the presence of L-NAME, а nonspecific eNOS inhibitor. Abolishment of augmented restoration of ATP and PCr in reperfused hearts was accompanied by weak recovery of cardiac function and coronary flow, and greater cell membrane damage. These findings indicate involvement of NOS-dependent mechanisms in apelin-induced attenuation of myocardial I/R injury. The use of spin traps for ROS and NO detection, and selective inhibitors of NOS isoforms is necessary for further delineation of apelin effects on ischemic myocardium. 
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